This work presents the application of the free solution electrophoresis method (FSE) in the metallic / semiconductive (M/S) separation process of the surfactant functionalized single-walled carbon nanotubes (SWCNTs). The SWCNTs synthesized via laser ablation were purified through high vacuum annealing and subsequent refluxing processes in aqua regia solution. The purified and annealed material was divided into six batches. First three batches were dispersed in anionic surfactants: sodium dodecyl sulfate (SDS), sodium cholate (SC) and sodium deoxycholate (DOC). The next three batches were dispersed in cationic surfactants: cetrimonium bromide (CTAB), benzalkonium chloride (BKC) and cetylpyridinium chloride (CPC). All the prepared SWCNTs samples were subjected to FSE separation process. The fractionated samples were recovered from control and electrode areas and annealed in order to remove the adsorbed surfactants on carbon nanotubes (CNTs) surface. The changes of the van Hove singularities (vHS) present in SWCNTs spectra were investigated via UV-Vis-NIR optical absorption spectroscopy (OAS).
Introduction
Single-walled carbon nanotubes (SWCNTs), due to their prominent electronic properties, chemical and thermal stability, high tensile strength, and ultra-light weight are recognized as a material of the future in many different nanoelectronic branches. There is a strong need for preparation of carbon nanotubes (CNTs) with homogenous electronic properties. However, currently synthesized SWCNTs contain approximately 30% metallic and 70% semiconducting tubes [1, 2] . The difference in SWCNTs conductivity is a serious problem in the electronic industry that is limiting their further applications. For this reason, a lot of the research groups are trying to solve this problem and to obtain electronically homogenous fractions of SWCNTs. So far many different separation techniques were found and tested: selective dispersion [3] , selective functionalization [4] [5] [6] [7] , selective destruction [8] , as well as density gradient ultracentrifugation [9, 10] , chromatography [11] , electrophoresis techniques [12] [13] [14] [15] , and others [16] . This work presents the results of the metallic / semiconductive (M/S) separation of the single-walled carbon nanotubes in a free solution electrophoresis system (FSE). Fractionation via electrophoresis is based on migration of the molecules in the electric field according to charge, mass, or an isoelectric point. The pristine nanotubes, after purification and high-temperature annealing are chemically inert. The electric charge needed for separation was added via physical adsorption of the anionic or cationic surfactant onto CNTs surface. As known from the state of the art, the non-covalent functionalization of the nanotubes can be a selective process, due to the application of the specific surface agents [15] . This is caused by the difference in SWCNTs' electronic properties, which is related to a different force and rate of the functionalization by a specific surface agent. Three anionic surfactants were selected for the experiment. Sodium dodecyl sulphate (SDS) is an anionic surfactant commonly used for the electrophoresis separation process of biomolecules and found application in nanotubes separation [15] . Sodium cholate (SC) and sodium deoxycholate (DOC) are anionic bile-acid salts featuring great dispersion potential used in CNTs' separation processes [15] [16] [17] . As counterparts three cationic surfactants were tested for the separation process. Cetrimonium bromide (CTAB) is used mainly in enzyme electrophoresis, where catalytic activity has to remain after the separation process and in the dispersion of nanotubes [17, 18] . Cetylpyridinium chloride (CPC) was found to improve electric conductivity of CNTs, decrease naphthalene sorption, and was also used for the dispersion process [17, 19, 20] . Benzalkonium chloride was used for dispersion during carbon nanotubes purification process [21, 22] . None of the specified cationic surfactants were used for the electrophoretical, single-walled carbon nanotubes M/S separation process. The yield of the FSE separation was estimated from van Hove singularity (vHS) peak areas in the UV-Vis-NIR spectra.
Experimental
Hydrochloric acid 35%-38% p.a., nitric acid 65% p.a., boric acid 99% p.a., and acetone 99.5% p.a. were purchased from Chempur. Tris(hydroxymethyl)aminomethane 99% was purchased from Poch. Tricine 99%, sodium dodecyl sulfate (SDS) 98.5%, sodium cholate hydrate (SC) from ox or sheep bile 99%, hexadecyltrimethylammonium bromide (CTAB) 99%, and hexadecylpyridinium chloride monohydrate (CPC) 99 0 − 102 0% were purchased from Sigma. Sodium deoxycholate (DOC) 97% and Larginine 98% were obtained from Sigma-Aldrich. Benzalkonium chloride was purchased from Aldrich. All the solutions were based on RO H 2 O (type II water obtained in reversed osmosis process with conductance 0.056 µS cm
−1
). Single-walled carbon nanotubes synthesized via laser ablation technique (Pt/Rh/Re catalysts) underwent the initial annealing process at 600°C in vacuum condition (10 −5 mbar) for 4 hours. Next, the annealed material was subjected to a three-fold refluxing process in diluted (4 x ROH 2 O) aqua regia (HCl:HNO 3 = 3 : 1) solution for 8 hours at 175°C. In order to remove the functional groups introduced during the refluxing process, the purified material was annealed at 1100°C in vacuum (10 −5 mbar) for 1 hour. Reference SWCNTs material was divided into six batches. Each batch was dispersed with assistance of an ultrasonic bath and horn (12 hours total), in 5 ml of the 1% selected surfactant solution: SDS, SC, DOC, CTAB, BKC, or CPC. For the electrophoretic separation process two buffers were prepared: 0.1 M tris-borate (pH 8.25) and 0.1 M tricine-arginine (pH 8.25). These buffer solutions were chosen as an electrophoretical media in the M/S separation processes for SWCNTs functionalized by anionic and cationic surfactants. The electrophoresis processes proceeded for 24 hours at 300 V. An electrophoretical system was built from custom-made glass chambers connected with a glass tube (diameter 9 mm, length 120 mm), with an inlet port placed at the centre of the glass tube and two platinum electrodes placed in each chamber. Two fractions were collected after each separation process. The migrating fraction was collected from the electrode area (anode or cathode depending on the surfactant), and the control fraction was collected from the inlet port. Next, the obtained samples were filtered through the polycarbonate filter (Whatman pore size 0.2 µm) and rinsed thoroughly with ROH 2 O and acetone. Subsequently, in order to remove adsorbed surfactants from the carbon nanotubes surface, all the samples were annealed at 600°C in vacuum (10 −5 mbar) for 1 hour. After that, in order to observe the changes in van Hove singularities before and after the separation process, the optical absorption spectra (OAS) in the range UV-Vis-NIR were analyzed using Jasco V − 570.
Results and discussion
The UV-Vis-NIR spectrum of single-walled carbon nanotubes presents three peaks, known as the van Hove singularities. The appearance of these peaks is related to electronic properties of SWCNTs. Two of them E S 11 E S 22 correspond to the optical transition between density of states (DOS) in semiconducting CNTs, and the third one E M 11 corresponds to the metallic ones [1] . Additionally, the energy position of the SWCNTs OAS spectrum is inversely proportional to the nanotubes diameter. Figure 1 presents a typical UV-Vis-NIR spectrum of the SWCNTs in relation to density of states. The inset equations present the relation between energy and SWCNTs diameter, where, a 0 -is the C-C distance in graphite (1.42 Å), γ 0 -is the tight binding overlap integral (3 eV) [23, 24] , and d -is the diameter of SWCNT. Moreover, in all of the control fractions (except the DOC functionalized sample) the intensity of the E M 11 is highly decreased, which indicates low content of the metallic SWCNTs. The E M 11 peak position of the all -migrating fractions (except the DOC functionalized sample) is the same as in the reference sample. Additionally, this peak exhibits different intensity for each analyzed sample. Interestingly, the E S 22 peaks of the all migrating fractions (except DOC and BKC functionalized samples) partially overlap with E S 22 of the reference sample, due to the energy loss; nevertheless no blue-shift was detected. The red-shift of E S 22 and E M 11 peaks of the control areas and the energy loss at E S 22 of the migrating fractions can lead to the conclusion that the separation of SWCNTs was successfully performed. In case of DOC functionalized samples, the red-shift of the E S 22 and E M 11 peaks occur in migrating and control fractions. In Figure 2c one can also notice the overlapping of the peak areas and similar intensity of the peaks indicating that no M/S separation occurred. Additionally, the position of the peaks in OAS spectra of SWCNTs is diameter sensitive. Their position can be also influenced by electron doping. However, this effect is excluded here due to high-temperature annealing of each collected fraction, hence recovering the properties of the pristine SWCNTs. Therefore, it is clear that almost every surfactant is diameter sensitive, which means that they functionalize tubes with the selected diameter. In case of the red-shift of vHS positions of the tubes collected in the control area (non-migrating fraction), the functionalization and migration of the tubes with narrower diameter would be expected. The larger diameter tubes stay in the control area. To estimate the yield of the separation process by comparison of the E S 22 and E M 11 peak areas in the UV-Vis-NIR spectra of the reference sample and the fractions collected after the separation process, the following equation was applied [1] : Table 1 summarizes metallicity of all samples obtained after FSE separation processes. The metallic SWCNTs content of the reference sample agrees with current the state of the art [1] . The data presented in Table 1 lead to the conclusion that the most selective surfactant is SC. Only 8% of the metallic tubes were left in the control fraction, which means that 92% of SWCNTs are semiconducting. On the other hand the most selective surfactant toward metallic tubes is CTAB. The metallicity content is increased in comparison to the reference sample. According to the literature, during separation processes SDS is selective towards metallic SWCNTs [15, 16] . However, FSE separation process shows a three-fold decrease of the metallicity content at the control fraction, in comparison to the reference sample and no increase of the 13 15 metallicity in the migrating fraction. It leads to the conclusion that SDS applied in the FSE separation system is semiselective towards semiconducting SWCNTs. The selected anionic bile-acid salts differ only by one additional hydroxyl group. Contrary to selective SC, the DOC has great potential to form a stable suspension of SWCNTs [17] , but no selectivity in M/S separation via FSE process is observed. The CPC and BKC used in the FSE separation process have some degree of selectivity; however it was found insufficient.
Conclusion
The free solution separation method is a good technique for M/S separation of carbon nanotubes. This method can be widely applied. However, its effectiveness depends on the selective functionalization of the carbon nanotubes. Among the anionic surfactants, sodium cholate is found to be most selective towards semiconductive nanotube species. In the case of the cationic surfactants, the cetrimonium bromide shows good selective properties towards metallic SWCNTs. In order to achieve highly efficient separation toward metallic CNTs, the multistep procedure should be applied. The exclusion of the semiconducting nanotubes via sodium cholate in FSE process and application of the cetrimonium bromide in subsequent FSE separation of the previously collected migrating fraction could lead to a highly-metallic enriched SWCNTs sample. This process seems to be also diameter selective. However, this statement should be confirmed by the study of morphology of the collected fraction, e.g., by means of high resolution transmission electron microscopy.
